ABSTRACT A series ofderivatives for both the arthropod and mollusc hemocyanin biopolymers has been prepared; the derivatives contain a small fraction ofelectron paramagnetic resonancedetectable half-met [Cu(fl) Cu(I)] sites dispersed among the nondetectable oxy binuclear copper active sites. Upon deoxygenation, large changes in the electron paramagnetic resonance signal of these half-met spectral probe derivatives are observed, which are further adjusted by the heterotropic effectors Ca2+ and HW. The active site structural changes indicated by these spectral changes as the hemocyanins go from a relaxed to a tensed quaternary structure are then discussed.
active site structural changes indicated by these spectral changes as the hemocyanins go from a relaxed to a tensed quaternary structure are then discussed.
Hemocyanins, the oxygen transport proteins in the hemolymph of molluscs and arthropods, reversibly bind dioxygen with a stoichiometry ofone dioxygen per two copper ions. Under physiological conditions, the hemocyanins are present as highly aggregated biopolymers with a molecular architecture that differs dramatically between the two phyla. For the arthropods, a single subunit has a molecular weight of "'70,000 and contains one binuclear copper active site. At pH values below 8 and in the presence of Ca2+, these subunits aggregate into one, two, four, and in the case of Limulus polyphemus, up to eight hexamers.
Alternatively, the smallest subunit in the molluscs contains about eight binuclear copper active sites (domains) covalently linked in a single polypeptide chain of "'400,000 daltons. In the mollusc Busycon canaliculatum, at pH less than 8, twenty chains aggregate to form a whole molecule that contains 160 active sites and appears as a cylindrical barrel under the electron microscope. When aggregated, the hemocyanins are highly cooperative in their oxygen binding, with Hill coefficients dependent on species, pH, and the presence of divalent cations (1, 2) .
In general, current thermodynamic and kinetic theories of oxygen binding to the hemocyanins parallel [with small modifications (3, 4)] the allosteric model of hemoglobin. Deoxyhemocyanin has a "tensed" quaternary structure with a low oxygen affinity. Initial binding of oxygen to a limited number of active sites alters the successive oxygen affinities ofthe remaining sites by a ligand-induced conformational change of the protein (5) (i.e., oxygen is a homotropic effector); this results in the oxyhemocyanin having a "relaxed" quaternary structure with a high oxygen affinity. Protons and divalent cations act as heterotropic effectors, which, depending upon the species, stabilize either the tensed or relaxed quaternary structure.
For hemoglobin, through both protein crystallography (6) and the detailed study of iron prophyrin model complexes (7), significant advances have been made in the development of a structural model that accounts for the active site changes related to these changes in oxygen affinity. Two basic spectroscopic approaches have been taken to relate this mechanical model to the hemoglobin tetramer. One approach involves the preparation of valence hybrids in which either the a or the (3 chains contain iron(III) sites (met sites) and the other sites can be deoxygenated (8, 9) ; the second involves the study of spectral effects on oxy-, deoxy-, and methemoglobin active sites induced by heterotropic effectors (inositol hexaphosphate or low pH) (10) that shift the equilibrium from the relaxed to the tensed quaternary structure. No analogous attempts have been made to correlate changes in the hemocyanin active site with change in protein quaternary structure.
Our development of a spectroscopically effective structural model for the oxyhemocyanin active site involved the preparation of a series of protein derivatives (Fig. 1 ) that enable the active site to be systematically varied. Spectral study of these derivatives resulted in the structural model shown at the bottom of Fig. 1 (11, 12) . Binding oxygen to deoxyhemocyanin [which is structurally the least well characterized ofall derivatives (see discussion in Preliminary Structural Implications) but contains a binuclear cuprous site] is generally believed to result in a ,tdioxoperoxide bound to two tetragonal copper(II)s that are antiferromagnetically coupled through the endogenous bridge (RO-). Thus, both deoxy and oxy forms are not EPR detectable.
If a small amount (410%) of one of the EPR-detectable derivatives in Fig. 1 could be dispersed within the oxyhemocyanin biopolymer, then the effects on the active site of changes in quaternary structure induced by deoxygenation could be probed through changes in the EPR spectrum. The stability, rich chemistry, and spectroscopy ofthe half-met derivatives (13) makes this derivative the ideal probe. We report here the preparation of this spectral probe (SP) derivative for both the arthropod and mollusc hemocyanin biopolymers; further, we demonstrate that deoxygenation of dominant oxy sites induces large changes in the half-met spectral probe (which are adjusted by the heterotropic effectors Ca2' and H+) and discuss at a preliminary level the structural changes indicated by these spectral changes.
MATERIALS AND METHODS Hemolymph, obtained from Busycon canaliculatum by foot puncture, was centrifuged at 27,000 x g for 20 min to remove insoluble materials. The clear supernatant fluid was then centrifuged at 48,000 X g for 4 All EPR spectra were obtained with a Varian E-9 spectrometer (X-band) on solution samples frozen at liquid nitrogen temperature. Protein concentration was determined by absorbance at 278 nm and oxy content by absorbance at 345 nm with a Cary 14 spectrophotometer. Deoxy proteins were prepared by repeated evacuation and addition ofpurified nitrogen gas that had been bubbled through a chromous solution. Electron microscopy specimens were prepared by negative staining with phosphotungstic acid and viewed in a Jeol 100B electron microscope at an accelerating voltage of 80 kV with magnification of x 135,000.
RESULTS AND DISCUSSION Preparative. The hemocyanin ofLimulus polyphemus can be dissociated into subunits and separated into at least eight heterogeneous fractions. Because these fractions can be reassembled into a high molecular weight protein that is morphologically and functionally indistinguishable from the undissociated state (14) , a straightforward pathway to the Limulus SP hemocyanin is provided. Initial attempts to prepare a Limulus halfmet-N3-SP were performed by first deaggregating the oxyhemocyanin and half-met-N3-derivative into subunits, then mixing these two monomeric forms, and finally reassembling this mixture. When half-met-N3-is prepared (13) and dissociated into subunits by dialysis (at room temperature, pH 8.9, 0.052 M Tris/glycine buffer) in the presence of 0.01 M EDTA for 48 hr. the monomer is obtained but the N3-ligand is no longer bound to the active site. Because pH is known to have a profound effect on ligand binding to the half-met active site, it is likely that at high pH the N3-is displaced by OH-. Fortunately, Limulus half-met-NO2 was found to be more stable, because the nitrite remains tightly bound to the active site over a large pH range. Therefore, both the half-met-NO2 and oxy hemocyanin were dissociated into subunits, as described above, and the monomeric units were mixed at 1:6 ratio (halfmet-NO2j/oxy). The SP protein was reassembled in three steps according to Bijlholt et al. (14) . During the reassembly procedure, a small amount of protein precipitates, but it is easily removed by centrifugation. The composition of the final SP derivative is defined by estimating its half-met-NO2 concentration by double integration of the EPR spectrum, and the content of oxy is calculated from the absorption peak at 345 nm in the optical spectrum. At this point, we had -7 ± 1% half-met-NO2 and about 93 ± 4% oxy active sites in this Limulus halfmet-NO2_ SP. The reassembled SP protein was dialyzed against pH 7.0, 0.1 M phosphate buffer and the aggregation state of the Limulus SP hemocyanin was confirmed by ultracentrifugation. Limulus hemocyanin in the oxy form is very stable to ligand displacement of peroxide by excess N3- (15) , and, likewise, half-met excess-N3 SP can be made by dialysis ofthis reassembled SP protein against 1,000-fold excess N3-without perturbing the oxy sites.
As mentioned in the Introduction, the aggregation pattern in Busycon hemocyanin is very different from that of Limulus hemocyanin. Domains obtained after proteolytic digestion and column chromatography maintain their oxygen-binding characteristics but cannot be reassembled into the native high molecular weight form. Therefore, an alternative pathway was necessary for the preparation of the Busycon half-met spectral probe.
Deoxyhemocyanin can be oxidized by NaNO2, at low pH and in the presence of ascorbic acid, to the half-met-NO2 form. This reaction proceeds through an EPR-nondetectable binuclear cupric (presumed to be met) intermediate (12) , which further reduces to half-met-NO2 by NO in a kinetically slow step. Further, for Busycon hemocyanin, an EPR-nondetectable binuclear cupric met derivative can be prepared by ligand displacement of peroxide from oxy by either F-or N3- (16) . This met form is regenerable back to oxy by treatment with excess H202 (17) . Our initial efforts to make the Busycon SP hemocyanin utilized these reactivity patterns. The Busycon hemocyanin was treated with excess NaNO2 in the presence of ascorbic acid (pH 6.3, 0.1 M phosphate buffer) for 6 min. The reaction was stopped by titrating the solution with dilute KOH to pH 8.0. Fifteen percent half-met and 40% residual oxy sites were obtained in addition to the expected EPR-nondetectable intermediate. However, dialysis of this protein back into pH 6.3 phosphate and titration with H202 did not regenerate the remaining EPR-nondetectable intermediate to the oxy form. Deoxygenating the residual oxy sites ofthis protein does induce small changes in its half-met EPR signal. Thus, it appeared that the pH jump used to "turn off" the NO reaction damaged the protein. A Sephadex G-25 column, preequilibrated with pH 6.3, 0.1 M phosphate buffer, was alternatively used to remove the reagents and stop the NaNO2 plus ascorbate reaction, but H202 titration of this solution still failed to regenerate the met sites to the oxy form. This suggests that the "met" intermediate produced in this NaNO2 reaction is different from the "H202-regenerable" met form obtained by ligand displacement of oxyhemocyanin. Finally, a protocol was determined that enables us to prepare a well-defined Busycon SP that contains only halfmet and oxy sites. Met was prepared in pH 5.0, 0.1 M sodium acetate buffer by incubation at 37°C for 48 hr with 100-fold excess NaF and then dialyzed into pH 6.3, 0.1 M phosphate buffer. This met derivative was then converted to partial halfmet-NO2 by addition of excess NaNO2 and ascorbate. After 6 min the reaction was stopped by passing the protein solution through a Sephadex G-25 column. In this case, 15 + 2% halfmet was obtained along with 85% met form. The protein solution then was allowed to react with 20-fold excess H202. This
Finally, half-met-X derivatives of the Busycon SP were prepared directly by dialysis of half-met-NO2 SP against buffer solutions containing 100-fold excess ligand for 16 hr (excess form) at 40C, followed by dialysis against pH 7.0, 0.1 M phosphate buffer for 20 hr (nonexcess form). All the Busycon SP derivatives under various conditions were compared to native hemocyanin by electron microscopy and the results showed no obvious change in their aggregation state. Homotropic Effects. A series of half-met derivatives have been prepared that exhibit very interesting chemistry and spectroscopy and have provided a great deal ofstructural insight into the hemocyanin active site (13) . Briefly, it was found that all exogenous ligands remain extremely tightly bound to the [Cu(II) Cu(I)] site due to their bridging of the two copper ions. These exogenous ligands, however, can be divided into two groups on the basis of the coordination chemistry observed in excess ligand concentrations. Group 1 ligands (NO2-, F, Ci, Br-, I-, CH3CO2-) bridge (13) the two coppers with a <4-A Cu-Cu distance and coordinate only one tightly bound ligand to the site (i.e., there is no EPR spectral change in excess ligand). Group 2 ligands (N3-, SCN-, CN-) are capable ofbridging with a >5-A Cu-Cu distance and are found to bind a second ligand to the Cu(II) when in excess. Here, the group 2 ligand breaks the endogenous protein bridge RO-shown in Fig. 1 and opens a second coordination position on the Cu(II). The pure half-met ligand substitution reactions of Limulus and Busycon hemocyanins were repeated in pH 7.0, 0.1 M phosphate buffer, and the EPR spectra are presented in Fig. 2 for comparison to the SP results that follow.
Limulus half-met excess N3 SP in pH 7.0, 0.1 M phosphate buffer has the EPR spectrum shown in Fig. 3 , curve A-1. Comparison of this EPR spectrum with that in Fig. 2 (Fig. 3 , curve A-4), which looks quite similar to the pure half-met-N3-in Fig. 2 . When the half-met excess N3-SP (Fig. 3, curve A-1) is deoxygenated, the EPR spectrum shows a striking change (Fig. 3, curve A-2) , resulting in an EPR spectrum that is similar to the EPR signal ofthe half-met-N3-SP (Fig. 3, curve A-4) . Upon reoxygenation of this deoxy SP, the blue color of the oxy sites appears immediately, whereas it takes several days to completely restore the original EPR spectrum of the half-met excess N3-SP (Fig.  3, curve A-3 ).
In the case ofBusycon hemocyanin, the EPR spectrum ofthe half-met excess N3-SP is shown in Fig. 3 , curve B-i, which indicates that a small amount ofhalf-met-N3-form is also present by comparison to Fig. 2 . Dialysis ofthis half-met excess N37 SP against pH 7.0, 0.1 M phosphate buffer gives the EPR spectrum in Fig. 3 , curve B4, analogous to the pure half-met-N3-shown in Fig. 2 . When the half-met excess N3-SP protein is deoxygenated, the EPR spectrum changes dramatically (Fig.  3, curve B-2) , indicating dominant conversion to the half-met nonexcess N3-SP form. Exposure of this deoxy SP to the air results in slow restoration ofthe oxy SP EPR signal (Fig. 3, curve B-3) and the immediate reappearance of the blue color of the oxy sites. The amount of half-met site present in the spectral probe was varied between 5% and 30%. All of these half-met excess N3-SPs show the same type ofEPR spectral change upon deoxygenation; however, the degree ofchange decreases as the fraction of half-met sites is increased.
The behavior of the Busycon SP completely parallels that observed for the Limulus SP, both of which indicate that the second ligand at the half-met active site is eliminated upon deoxygenation of the dominant oxy sites. That is, the protein in the deoxy state has adapted a quaternary conformation that has a lower affinity for the excess ligand at the half-met probe sites.
For Busycon hemocyanin, these studies were extended to include a series of half-met-X SPs. The EPR spectra of oxy and deoxy Busycon half-met-N3 SP are shown in Fig. 4 half-met-N3-SP). Busycon half-met-acetate SP is made in pH 5.7, 0.1 M acetate buffer and then exhaustively dialyzed against pH 7.0 phosphate buffer. This SP shows the EPR signal given in Fig. 4 , curve A-2. Upon deoxygenation, this half-met-acetate SP shows a pronounced change in its EPR spectrum (Fig. 4,  curve B-2) . Reoxygenation results in the rapid appearance of the blue color but fails to restore the EPR spectrum ofthe initial oxygenated SP. This apparent irreversibility in nonexcess ligand is not surprising in that the stability of the ligand binding to the oxy half-met-acetate SP form likely results from kinetic rather than thermodynamic factors. Dialysis of this reoxygenated halfmet-acetate SP against pH 5.7, 0.1 M acetate followed by dialysis against pH 7.0 phosphate buffer results in the EPR spectrum of the original oxy half-met-acetate SP. Acetate was then replaced by SCN-by using a 100-fold excess ofSCN-. The EPR spectrum of the resulting half-met excess SCN-SP shows no obvious change between oxy and deoxy forms (Fig. 4, curves  A-3 and B-3) . The-half-met-SCN-SP, however, exhibits a pronounced change in its EPR spectrum (Fig. 4, curves A-4 and B-4) upon deoxygenation, providing a signal similar to that observed in-the deoxy half-met-acetate SP. Also, analogous to halfmet-acetate SP behavior, reoxygenation fails to restore the original oxy EPR signal. Dialysis of this reoxygenated halfmet-SCNG SP against a solution containing 100-fold excess SCN-followed by dialysis against pH 7.0 phosphate buffer to remove excess SCN-restores the original EPR spectrum ofoxy half-met-SCN-SP.
Thus the EPR signals of the half-met-acetate and halfmet-SCN-SP hemocyanins change upon deoxygenation to unique spectra (Fig. 4, curves B-2 and B-4) that are similar to the spectrum ofhalf-met-N3-. This strongly suggests that there is a similar electronic structure for the active sites of the deoxy half-met-N3-, -acetate, and -SCN-SPs. For the case of halfmet-N3-, this unique EPR signal is associated (13) with class 2 mixed valence behavior, in which the exogenous bridging ligand provides an effective pathway for delocalization of the extra electron from the Cu(I) to the Cu(II). Therefore, in addition to the elimination ofthe second ligand observed for the half-met excess N3-SP, the electronic and geometric structure of the binuclear copper site has been strongly affected upon going from the oxy to the deoxy conformation.
Heterotropic Effects. When purification of the Busycon hemocyaninhas totalled more than 9 hr of centrifugation, the, half-met excess N3-SP shows no obvious ohange in its EPR spectrum upon deoxygenation. However, when treated with 10 mM CaCl2 (in the Tris/SO42, pH 7.0 buffer), the intersubunit interactions are restored and, in fact, enhanced (see oxy --deoxy, Fig. 5, curves A-i and -2 --curves B-1 and -2) . Reoxygenation of the Ca2+-treated SP protein results in the reappearance of the blue color but fails to restore the oxy half-met excess N3 SP EPR signal. Further, a reduction in binding ability of the second ligand is observed [compare the EPR signal of the oxy SP form before (Fig. 5, curve A-1) and after (Fig. 5 , curve A-2) the addition ofCa2+] and all ofthe excess N3-, excessacetate, and excess SCN-SP proteins produce half-met-aquo (13) instead of nonexcess forms by dialysis against buffer with 10 mM Ca2'. Finally, in the presence of Ca2', the native oxy sites lose their oxygen upon sitting overnight at 40C. All these observations suggest an allosteric effector role for Ca2+ that favors the low ligand affinity state of the protein. Alternatively, the addition ofup to 0.4 M Na+ does not restore the intersubunit interactions, because the EPR signal of half-met excess N3-SP does not change upon deoxygenation. Protons, however, do have a profound effect on the SP: the lower the pH value, the higher the excess ligand binding ability of the oxy half-met excess N3-site and the greater the change observed upon deoxygenation (Fig. 5, curves A-3 , A-4, B-3, and B4).
The addition ofphysiological levels ofCa2+ to Busycon hemocyanin has been shown to restore virtually all of the cooperativity in oxygen binding of the native blood, whereas Na+ does not (18) . From our studies ofthe SP hemocyanin, Ca2' strongly enhances the sensitivity of the half-met SP to removal of 02, whereas Na+ has no effect. The pH effect on ligand binding in the half-met SP also parallels its effect on oxygen affinity: 02 affinity decreases as pH increases. These results allow us to correlate the SP between the tensed and relaxed conformations. Ca2" lowers the oxygen affinity and, presumably, stabilizes the tensed conformation, whereas protons increase the oxygen affinity and stabilize the relaxed conformation below pH 8.0. This indicates that the active site environment not only changes upon binding of02 to other sites but also depends on the change in quaternary structure that is induced by other effectors.
-Preliminary Structural Implications. The SP derivatives of both the mollusc and the arthropod hemocyanin biopolymers have clearly demonstrated that deoxygenation of adjacent sites (homotropic effect) and allosteric effectors (heterotropic effect) induce changes in the hemocyanin quaternary structure that result in significant spectral, and therefore structural, changes in the half-met~probe site. The half-met changes upon going to this tensed quaternary structure include loss of excess ligand in half-met excess N3- (Fig. 3) and changes in the halfmet-acetate and half-met-SCNW (Fig. 4) EPR signals to ones similar to the half-met-N3-signal. Although the detailed structural implications of these chemical and spectral changes must await further spectral characterization of the pure half-met excess and nonexcess N3-forms, two preliminary comments can be made on the basis of our earlier optical and EPR studies:
(i) The ability to bind a second ligand in half-met excess N3-has been shown (13) to relate to disruption of the endogenous bridging ligand (RO-) from the Cu(II). The fact that the affinity of the half-met site for this second ligand is greatly reduced in the deoxy quaternary structure indicates that RO-becomes more sterically competitive atthe;Cu(II) in the tensed structure.
(ii) The half-met-N3-EPR signal has been shown (13) to relate to significant delocalization of the extra electron between the two coppers through the bridging azide. The change of this EPR signal upon deoxygenation then indicates that a geometric structural change has occurred at the Cu(II) that allows better overlap of the tetragonal plane with this bridging ligand.
The effective structure of the oxy site shown at the bottom ofFig. 1 is reasonably well defined on the basis ofour chemical, spectral, and theoretical studies (11, 12) of the series of derivatives shown in this figure, as well as resonance Raman studies, which indicated (19) the peroxide oxidation state of the bound dioxygen, and extended x-ray absorption fine structure (EX-AFS) analysis, which gave a Cu-Cu distance of 3.67 A (20) or 3.55 A (21) . Cu(I) has a tendency toward lower coordination numbers, softer ligands, and a geometry based on ligand-ligand replusion (rather than unpaired d electron effects) relative to Cu(II). One might-expect the deoxy site to reflect these tendencies. In addition, the protein must certainly play arole in forming the site, which could result in change in Cu-Cu distance as well as regulation of the endogenous ligand. Earlier speculation (12, 22) has emphasized the potential role of Cu-Cu distance in changing oxygen affinity. Our SP studies presented here demonstrate an important role for the endogenous bridging ligand (RO-) and have indicated significant geometric changes on the copper ion. Because the d'0 configuration ofthe deoxy site is not easily accessible to spectroscopic study, only limited information on this site presently exists. Fourier-transform infrared studies of CO have demonstrated that this ligand binds to only one Cu(I) (23) . This could relate to the steric role of the endogenous RO-ligand at the deoxy site. Further, the two extended x-ray absorption fine structure studies do indicate that the number of ligands per copper goes down upon deoxygenation, but presently disagree on the Cu(I)-Cu(I) distance
